The pelA gene, encoding a pectate lyase, from Treponema pectinovorum ATCC 33768 was isolated by heterologous expression of a cosmid library in Escherichia coli. In vitro transposon mutagenesis identified an open reading frame of 1293 bp capable of encoding a protein of 430 amino acids with a predicted amino-terminal signal sequence of 21 amino acids. Analysis of the amino acid sequence suggested that it is a member of the polysaccharide lyase family 10 of which all characterized members show pectate lyase activity. An amino-terminal His-tagged recombinant form of PelA was expressed and purified from E. coli. The recombinant enzyme has characteristics common to other bacterial pectate lyases such as an alkaline pH optimum, dependence on calcium ions for activity, and inhibition by zinc ions. ß
Introduction
Periodontal diseases are a collection of conditions that result in the breakdown of tissues that support the teeth [1, 2] . In most forms of periodontal disease, there is a shift in the subgingival £ora from one that is dominated in health by Gram-positive facultative and anaerobic bacterial species to a £ora dominated by Gram-negative obligate anaerobic species [3] . Microscopic observations of subgingival plaque during this shift in £ora determined that the percentage of spirochetes present increases substantially during most forms of periodontal disease [4] . This association, between increased numbers of spirochetes in subgingival plaque and active disease, provided circumstantial evidence that this group of bacteria plays an etiological role in periodontitis.
Human dental plaque harbors approximately 60 species of oral spirochetes all of which are members of the genus Treponema [5, 6] . The vast majority of oral Treponema species have eluded laboratory cultivation and of the cultivable species Treponema denticola has been studied in the most detail [7, 8] . Very little is known about the physiology of the other cultivable species or how their metabolic activities in£uence the ecology of the periodontal pocket.
Treponema pectinovorum is a cultivable oral spirochete that has a requirement for pectin, pectic acid, galacturonate or glucuronate for in vitro growth [9, 10] . Pectin is a complex high molecular mass polysaccharide, found in plant cell walls, which consists of a backbone of polygalacturonic acid that is partially esteri¢ed with methanol. The backbone structure is interrupted by the insertion of L-rhamnose and the molecule also contains additional neutral sugars attached as side chains [11] . Weber and CanaleParola [10] identi¢ed pectin methylesterase (EC 3.1.1.11; pectin methylhydrolase) and pectate lyase (EC 4.2.2.2 ; endo-poly[1,4-K-D-galacturonide] lyase) activities in spent cultures of T. pectinovorum. Pectin methylesterase catalyzes de-esteri¢cation of the methoxyl groups of pectin to form pectic acid and pectate lyase catalyzes the cleavage of K-1,4-glycosidic linkages in pectic acid by transelimination [11] . However, dietary pectin is not expected to be available in subgingival dental plaque, which is the habitat of T. pectinovorum [9, 10] . The most abundant sources of uronic acids in the subgingival environment are found in host-derived glycosaminoglycans and proteoglycans. Web-er and Canale-Parola [10] demonstrated that the host glycosaminoglycan hyaluronic acid could substitute for pectin, pectic acid, galacturonate, or glucuronate for in vitro growth of T. pectinovorum if cocultured with a hyaluronidases-producing Peptostreptococcus. In order to better understand the substrates that T. pectinovorum is able to utilize and the ecological consequence of pectinase production in vivo, the pectinolytic enzymes of this species need to be identi¢ed and puri¢ed. This study reports the cloning and sequencing of a gene, pelA, encoding a pectate lyase from T. pectinovorum ATCC 33768 and the puri¢cation of the recombinant enzyme.
Materials and methods

Bacterial strains and growth conditions
T. pectinovorum ATCC 33768 [9] was cultured in new oral spirochete (NOS) medium supplemented with 0.3% pectin or polygalacturonic acid as previously described [12] . Escherichia coli strains were grown on Luria^Bertani (LB) [13] 
Cloning and sequencing pelA
Methods for DNA manipulation and characterization were performed according to standard protocols [13, 14] . A cosmid library of genomic DNA from T. pectinovorum was constructed using pLAFR5 [15] , packaged into V phage using a Gigapack III XL packaging kit (Stratagene, La Jolla, CA, USA) and then transduced into E. coli DH5K (Invitrogen, Carlsbad, CA, USA). The library was replica plated onto LB-tetracycline plates and grown overnight at 37 ‡C, then one of each replica plates was overlaid with a soft agar composed of (w/v) 0.5% polygalacturonic acid (PGA), 0.01% lysozyme, 0.7% agar, 50 mM Tris^HCl (pH 8.5) and 0.05 mM CaCl 2 . After an additional 6 h at 37 ‡C the overlaid plates were £ooded with 0.05% (w/v) solution of ruthenium red (Sigma-Aldrich Corp., St. Louis, MO, USA). Approximately one colony in 400 was surrounded with a clear zone indicative of the depolymerization PGA. The cosmid DNA from three positive clones was digested with PvuII and ligated into the SmaI site of pBluescript II KS+ (Stratagene). The ligation was used to transform E. coli DH5K (Invitrogen) and transformants were screened for the depolymerization of PGA. Plasmids from 10 positive colonies were isolated and found to all contain an identical insert of approximately 8 kbp. In order to localize the gene responsible for the observed PGA depolymerization, one plasmid (pSB2) was subjected to in vitro transposon mutagenesis using an EZ: :TN1 GKAN-2f insertion kit (Epicentre, Madison, WI, USA). The transposon plasmid library was used to transform E. coli DH5K and transformants were screened, as above, to identify transposon insertions in pSB2 that result in the loss of PGA depolymerizing activity. The plasmid from one of the transformants that could no longer depolymerize PGA, pSB3, was puri¢ed and then sequenced using the transposon-speci¢c forward and reverse primers KAN-2 FP-1 and KAN-2 RP-1 (Epicentre). Additional primers, based on the sequence results from pSB3, were used to sequence both strands of pelA on pSB2.
Sequencing reactions were performed with an ABI Prism 0 BigDye1 terminator cycle sequencing kit using £uorescent-labeled dideoxynucleoside triphosphates (Applied Biosystems Inc., Foster City, CA, USA). Reactions were resolved using an ABI Prism 3100 Genetic Analyzer (Applied Biosystems) at the SUNY Stony Brook DNA Sequencing Facility. Sequences were analyzed using Lasergene software (DNASTAR, Madison, WI, USA), BLAST (http://www.ncbi.nlm.nih.gov/blast), SignalP V2.0 (http:// www.cbs.dtu.dk/services/SignalP-2.0/), T-COFFEE (http:// www.ch.embnet.org/software/TCo¡ee.html), Clustal W (http://www.ebi.ac.uk), and DOLOP (http://www.mrclmb.cam.ac.uk/genomes/dolop/analysis.htm).
The following GenPept accession numbers of other polysaccharide lyase family 10 (family PL-10) members were used for multiple sequence alignments : AAD25394.1 (Azospirillum irakense), AAG24437.1 (Bacillus alcalophilus), BAA81752.1 (Bacillus sp. KSM-P15), BAB90989.1 (Bacillus sp. P-358), AA077361.1 (Bacteroides thetaiotaomicron), AAK24010.1 (Caulobacter crescentus), AAG29353.1 (Cellvibrio japonicus), AAM39441.1 (Xanthomonas campestris pv. campestris), ZP_00068232.1 (Microbulbifer degradans), ZP_00066059.1 (M. degradans).
Overexpression and puri¢cation of pelA
Primers LYASE 5P (5P-GAGAGGATCCCAGAAT-TTTGAGCAAGAAGAGTTT-3P) and LYASE 3P (5P-GAGAGGTACCTCAAAGTTCGTGTTTTGCCTTCC-A-3P) were used in a polymerase chain reaction (PCR) with genomic T. pectinovorum DNA to produce a product containing the coding region of mature PelA. The underlined primer sequences introduce a BamHI and KpnI site at the 5P and 3P ends, respectively, of the PCR product. The PCR mixture (25 Wl) contained 1U high ¢delity PCR bu¡er (Invitrogen), 0.2 mM of each dNTP, 2 mM MgSO 4 , 0.2 WM of each primer, 1.5 units of Platinum 0 Taq high ¢delity polymerase (Invitrogen) and 25 ng of genomic DNA from T. pectinovorum ATCC 33768. Ampli¢cation was performed with a GeneAmp PCR System 9700 Thermocycler (Applied Biosystems) programmed for an initial incubation of 2 min at 94 ‡C followed by 25 cycles of ampli¢cation (94 ‡C for 30 s; 58 ‡C for 30 s; 68 ‡C for 90 s) and a ¢nal incubation at 68 ‡C for 5 min. The product was puri¢ed using a QIAquick PCR puri¢cation kit (Qiagen Inc., Valencia, CA, USA), digested with BamHI and KpnI, and ligated into BamHI and KpnI cut pQE30 (Qiagen). The ligation was used to transform E. coli XL1-blue (Stratagene) and selected on LB-ampicillin-tetracycline plates. Plasmids were isolated from the transformants and used as template for PCR, using the conditions above, to determine if they contained the insert. One plasmid, pSB4, was chosen for the production and puri¢cation of recombinant 6UHis-tagged PelA (rPelA). An overnight culture of E. coli XL1-blue/pSB4 was used to inoculate 50 ml of pre-warmed LB-ampicillin-tetracycline broth. After 1 h of growth, IPTG was added to 1 mM to induce transcription from the T5 promoter, then the culture was grown for an additional 4 h. The culture was cooled to 4 ‡C on ice and the cells pelleted by centrifugation. The cell pellet was processed, under native conditions, to produce a cleared lysate and rPelA was puri¢ed using Ni-nitrilotriacetic acid (NTA) agarose as outlined by the manufacturer [16] .
Electrophoresis
Discontinuous sodium dodecyl sulfate^polyacrylamide gel electrophoresis (SDS^PAGE) was performed as described by Laemmli [17] . Following electrophoresis, gels were stained with Coomassie brilliant blue R250 (BioRad Laboratories, Hercules, CA, USA). For zymogram analysis 0.1% PGA was incorporated into the gel and the sample was boiled in SDS sample bu¡er for only 3 min. Following electrophoresis the zymogram gels were submerged in 2.5% (vol/vol) Triton X-100 and placed on a shaker (60 rpm) at room temperature for 1 h. The Triton X-100 solution was removed and 25 mM Tris^HCl (pH 8.5)/0.1 mM CaCl 2 was added and the gel was washed an additional hour. The gel was then placed in fresh 25 mM Tris^HCl (pH 8.5)/0.1 mM CaCl 2 and incubated at 37 ‡C for 1 h, stained with 0.05% (w/v) ruthenium red for 15 min and then the gels were washed with water until cleared activity bands appeared.
Enzyme assays
Unless stated otherwise, the standard assay contained 1 ml of pre-warmed substrate solution (25 mM Tris^HCl (pH 8.6), 0.1 mM CaCl 2 and 0.1% PGA) and 1 Wg of rPelA. The reaction was incubated for 30 min at 37 ‡C, then pectin lyase activity was measured by a colorimetric assay [18] . Pectate lyase activity was also measured spectrophotometrically by recoding the increase in absorbance at 232 nm over time due to the formation of v4,5-unsaturated oligogalacturonides from PGA [19] . Equivalent results were obtained with both methods. The standard assay was modi¢ed to test the e¡ects of varying divalent cations, substrates, pH, and incubation temperature. The substrates tested were polygalacturonic acid, pectin and 94% esteri¢ed pectin (all from Sigma-Aldrich).
Nucleotide sequence accession number
The nucleotide sequence of the gene pelA has been submitted to GenBank under the accession number AY251645.
Results and discussion
3.1. Nucleotide sequence of pelA and the predicted amino acid sequence of PelA
Analysis of the nucleotide sequence surrounding the site of transposon insertion in pSB3 identi¢ed an open reading frame of 1293 bp containing 37% G+C content which is slightly less than the 39% reported for the genome [9] . The transposon inserted into pelA between nucleotides 726 and 727. Standard nucleotide^nucleotide BLAST did not identify any homologous DNA sequences. The gene has the capacity to produce a protein of 430 amino acids with a predicted molecular mass of 49 092 Da. Analysis with SignalP V2.0 detected a putative N-terminal signal sequence of 21 amino acids that when cleaved would produce a mature protein of 409 amino acids with a molecular mass of 46 774 Da. A DOLOP analysis indicated that PelA was not likely to be a lipoprotein because it lacked a lipobox in the N-terminal signal sequence.
Standard protein^protein BLAST identi¢ed 10 sequences with similarity to PelA. Eight of these protein sequences are classi¢ed as members of the family PL-10 (http:// afmb.cnrs-mrs.fr/CAZY/index.html). All members of this protein family tested thus far show pectate lyase (EC 4.2.2.2) activity. Charnock et al. [20] recently solved the three-dimensional crystal structure of the catalytic module of Pel10A from C. japonicus, that is a member of family PL-10, and identi¢ed amino acids that participate in the catalytic center of the enzyme (D389, N390, D451, R524, Y526, E527, E535, R596, R610, R625, and G628). PelA and the 10 other protein sequences were aligned using T-COFFEE. All amino acids identi¢ed as participating in the catalytic center of Pel10A were aligned with identical amino acids in the other protein sequences except for those of C. crescentus, T. pectinovorum, and A. irakense. Fig. 1 shows the portion of the alignment for the proteins from these three species and C. japonicus. The C. crescentus protein sequence contains non-identical amino acids substituted in four of 11 positions while T. pectinovorum and A. irakense contained only one substitution at Y526 for phenylalanine. A Y526F mutation in Pel10A retained enzymatic activity [20] so it is not surprising that the A. irakense [21] and T. pectinovorum proteins demonstrate pectate lyase activity in vitro. It remains to be experimentally determined if the putative C. crescentus protein functions as a pectate lyase. Based on the amino acid homology alignment, the putative pectate lyase proteins of B. thetaiotaomicron, X. campestris pv. campestris, Bacillus sp. P-358, B. alcalophilus, and M. degradans most likely degrade PGA.
Puri¢cation of 6UHis-tagged recombinant PelA
Plasmid pSB4 has the capacity to produce an in-frame fusion protein (rPelA) consisting of a 12 amino acid N-terminal vector-derived sequence, that includes six consecutive histidine residues, and PelA starting with amino acid number 22 so that the putative signal sequence is absent. rPelA is predicted to contain 421 amino acids with a mass of 48 172 Da. Addition of IPTG to cultures of E. coli XL1-blue/pSB4 resulted in an increased production of rPelA and an increase in the pectate lyase activity of the cells in comparison to a parallel culture that was not supplemented with IPTG (not shown). Fig. 2 shows that rPelA is the most abundant protein produced by E. coli XL1-blue/pSB4 (lane 2) and that the protein remains soluble when a cleared cell lysate is prepared under native conditions (lanes 3 and 4) . After puri¢cation of rPelA with Ni-NTA agarose (lane 8), the protein retains enzymatic activity (lane 9). Fig. 3B shows that the rPelA activity is highly sensitive to the presence of ZnSO 4 with a concentration of only 5 nM resulting in a 20% decrease in activity. The pH of the standard assay was varied over a range of pH 5.8 to 11.0 and the highest enzyme activity was noted at pH . Equal volumes (15 Wl) from each puri¢cation step were applied to lanes 2^8 and the volumes of each puri¢cation step were adjusted to the original volume of the whole cell lysate that was the starting point for the puri¢cation. Fig. 1 . T-COFFEE multiple sequence alignment of pectate lyases from A. irakense, C. japonicus, C. crescentus, and T. pectinovorum. Only the region with homology to the catalytic center of Pel10A from C. japonicus is shown. Positions in bold correspond to amino acids identi¢ed by Charnock et al. [20] as participating in the catalytic center of Pel10A. 9 .0 (Fig. 3C) . The rPelA had an optimal temperature that was greater than 37 ‡C and it retained some activity even at 60 ‡C (Fig. 3D) . The activity of rPelA on pectin and 94% esteri¢ed pectin was 80 and 97% less, respectively, than the activity seen with PGA as a substrate. Weber and CanaleParola [10] identi¢ed pectin methylesterase activity in spent culture supernatants of T. pectinovorum. The combined activities of this enzyme and PelA most likely allow the utilization of esteri¢ed pectin by this species.
Enzymatic activities of rPelA
The alkaline pH optimum, requirement for calcium ions, poor activity on highly esteri¢ed pectin, optimal activity at a temperature greater than 37 ‡C and sensitivity to zinc ions are common characteristics of pectate lyases produced by other bacterial species [11, 22] . Concentrations of ZnSO 4 that were inhibitory to PelA in vitro are commonly introduced into the oral cavity in the form of zinc-containing mouthwashes that are used to reduce oral malodor [23] . At present, the consequences of the action of pectinolytic enzymes in the subgingival crevice are unknown. At a minimum, they may enhance the growth of other bacterial species and thus contribute to the complex bacterial food chain found in the oral cavity [3] . For example, Wyss et al. [24] described Treponema parvum as an oral spirochete that was dependent on glucuronic or galacturonic acid for in vivo growth but was not able to grow on pectin. It is also possible that the pectinolytic enzymes from T. pectinovorum act in concert with enzymes from other bacterial species found in the periodontal pocket to degrade host-derived glycosaminoglycans and proteoglycans as suggested by the coculture experiments of Weber and Canale-Parola [10] . We are currently attempting to isolate the gene encoding the pectin methylesterase activity of T. pectinovorum in order to also study the e¡ects of this enzyme and PelA on the host cell function.
